Abstract: Recent ab initio calculations of cobalt NMR shielding show that DFT-GIAO calculations using hybrid functionals are found to reproduce experimental values well. This method is used to calculate the variation of the cobalt NMR shielding tensor of sqaure pyramidal nitrosyl complexes with respect to the CoNO geometry and to differing basal ligands. The isotropic shielding is shown to have a large negative derivative with respect to CoX distance where X is a ligating atom.; the derivative with respect to NO distance is smaller but still significant. The zz component where z is along the CoN(NO) bond is more sensitive to the basal ligands but the other two principal components are sensitive to the CoNO geometry.
Introduction
The scope of cobalt NMR spectroscopy was illustrated in a recent review [1] . 59 Co was one of the first nuclei to be studied using NMR spectroscopy. It is a nucleus with a high receptivity and the largest known chemical shift range of around 20 000 ppm. There are a large number of stable low-spin Co(III) complexes which are diamagnetic and hence well-suited to NMR studies. 59 Co chemical shifts were also the subject of early theoretical considerations. Ramsey [2] derived an approximate formula for the paramagnetic term in the shielding of the cobalt atom in terms of ligand field theory. where ∆E is the average excitation energy from the ground state to the excited states linked by the shielding operator, replaced in this case by the ligand field transition ( 1 A 1g → 1 T 1g in the case of octahedral complexes) to a low-lying excited state. This led to a prediction that 59 Co shieldings would correlate with the ligand field splitting energies, ∆ o , of cobalt complexes and such a correlation was found for measured spectra of simple complexes [3] . In later work [4] [5] [6] , the r -3 term and the orbital angular momentum integral which determine the covalency or nephelauxetic effect were also shown to be important. In a series of Co(III) pentammine complexes, the angular momentum integral was shown to be of negligible influence in determining the change in chemical shift and a plot of isotropic chemical shift gave a better correlation with the ratio of the nephelauxetic factor, β 35 , to the excitation energy than with the reciprocal of the excitation energy alone [7] . The nephelauxetic factor, β, is a function of interelectron repulsion and is defined as the ratio of the Racah B parameter (obtained from optical spectra) in the complex and in the gaseous metal ion. Recently [8] , Chan and Au-Yeung have
shown that the angular momentum integral is related to the nuclear quadrupole coupling constant,
QCC. For 59
Co solution spectra, quadrupole relaxation is the dominant mechanism and QCC can be obtained from the half-width of the resonance. The first density functional (DFT) calculations on cobalt complexes [12] were performed using the SOS-DFT-IGLO method of Malkin et al [13] in the deMon suite of programs [14] [15] [16] The calculations used the DFT-GIAO-B3LYP method with a 6-311G basis set on the lighter atoms, the Maclean-Chandler basis set [30, 31] on chlorine and the Wachters-Hay all-electron basis set [26, 32] for cobalt. In addition to the data on porphinato complexes, there are also experimental measurements of solution chemical shifts for Co in nitrosyl complexes with polydentate ligands coordinating through N and O and nitrosyl dithiocarbamato complexes.
Because of the lower symmetry, square-pyramidal nitrosyl complexes would be expected to show greater asymmetry than the complexes previously studied and the different components of the shielding tensor can be shown to respond differently to geometry changes.
Computational method
The structures of the model complexes used were for the porphin complexes, with a N-Co-N angle of 76° and a Co-N-C angle of 137° , for the Schiff base complexes with an N-Co-O angle of 89°, a Co-N-C angle of 129.5°, a Co-O-C angle of 136° and a C-C-C angle of 162° and for the dithiocarbamato-complexes, with a Co-S-C angle of 68°. All three ligands were kept planar.
The arrangement of the basal ligands was kept symmetrical as shown and fixed for most calculations.
Optimisation gave shorter Co-basal atom distances on the side nearest the nitrosyl oxygen when these distances were allowed to vary. Full optimisation of the CoNO group generally led to a tilt of the CoN axis away from the perpendicular to the plane, and together with the shorter Co-basal atom distance and the orientation of the nitrosyl oxygen over a basal ligand atom, this allowed stabilisation of the structure through O-basal ligand atom interaction. In experimental structures, the Co-basal atom distances are kept fixed in the symmetrical position by the rest of the molecule as in the porphinates and/or by the crystal packing, so it was considered a better model to retain the symmetry of the basal ligands. In most of the results reported here, only one parameter (bond distance or angle) was varied at a time keeping all others fixed. The nitrosyl oxygen was positioned between the basal atoms for some runs and over one basal atom for others. Both arrangements are found experimentally. However we also calculated changes in shielding for dithiocarbamato complexes allowing the CoNO geometry to relax as the Co-N distance and CoNO angle were changed.
Our calculations used the DFT-GIAO-B3LYP method in Gaussian98 [36] on the DEC8400/CompaqES40 cluster, Columbus, at the Rutherford Appleton Laboratory. The basis set used was Ahrlich's VTZ basis set [37] plus polarisation functions on all atoms. Convergence was found to be easier using the same basis set on all atoms. Triple zeta basis sets, as noted in earlier work described in the Introduction, give good results for Co shielding when used with hybrid functionals. The absolute shielding of [Co(CN) 6 ] 3-using the optimised geometry with a Co-C distance of 191pm and C≡N distance of 117pm was calculated to be -5 882ppm and using the experimental geometry for 6 ] of Co-C 190pm and C≡N 113pm -5 360ppm with this method and basis set. These values are very close to the experimentally determined one and give us confidence in our method.
Results
The calculated shielding tensors for our model complexes are shown in Table 1 decrease in the HOMO energy is greater so that the energy gap also decreases. The Mulliken population on Co increases slightly with CoN distance and NO distance and decreases with CoNO angle, but is mainly determined by the basal ligands, increasing as the Co-basal ligand distance increases reflecting a lowering of covalency. Figure 1 shows the variation of the isotropic shielding and the principal components with Co-N(NO) distance for both fixed NO distance and CoNO angle and when the CoNO geometry is allowed to relax. The NO distance for the series of runs in which the CoNO geometry is optimised is close to 1.16Å and so we have used a series of runs with an NO distance of 1.16Å for the fixed geometry comparison. σ 11 and σ 33 both decrease with increasing Co-N distance for the two sets of data shown . σ 22 shows the least variation with Co-N distance as is expected for a component that is mainly σ zz . Relaxing the CoNO geometry has little effect on the pattern of change. The notable difference in σ 22 stems from the difference in the basal ligands.
The derivative of the isotropic shielding with respect to the Co-N distance is about -19 000 ppm Å -1 for the complexes in figure 1 . Reference to the data in Table 1 shows a smaller derivative for complexes with shorter NO distances. The isotropic shielding is also markedly dependent on the basal ligands. Adjusting the cobalt distance to the basal ligands in the dithiocarbamato complex from 2.0Å to 2.1Å to 2.65Å led to an increase in shielding equivalent to a derivative greater than -20 000 ppm Å -1 due to increases in σ xx and σ zz arising from decreased overlap of d z2 and d x 2 -y 2 with basal ligand orbitals, as shown in figure   2 . In this figure σ yy and σ zz refer to whichever of σ 22 and σ 33 are closest to these components, as the direction of the 2 and 3 axes change across the series. σ zz is particularly sensitive to changes in Co-S distance as expected.
We would expect some effect from altering the NO distance because the nitrogen orbitals are used in bonding to O and Co and as the NO bond is weakened, the CoN bond is strengthened. The calculated shielding shows a decrease with increasing NO distance, figure 3 , for all components except σ 11 . In this case, the partially optimised structure displays a different pattern to the series with fixed CoNO geometry with the shielding going through a maximum. In these structure the Co-N distance decreases with increasing angle and as shown in figure 1 this will lead to an increase in shielding, offsetting the decrease due to increase in angle.
The effect of ligand swinging was investigated by calculating the shielding with the nitrosyl oxygen in two positions, between two basal ligating atoms and over one basal atom. The changes in the tensor for a typical dithiocarbamato complex can be seen by comparing the starred entries with non-starred entries for the dithiocarbamato complex with Co-N = 1.728Å, N-O = 1.1Å and CoNO angle of 120° in Table 1 .
These differences are not large but are noticeable. Averaging over these two positions would give a reduced span because the tensor principal components will not be exactly aligned for the two positions. For the complex with the O between the ligands, then one principal axis is along the y axis with the other two rotated by 12° from the x and z axes, whereas all three axes are rotated for the other complex leading to one axis lying almost over Co-S direction where S is the atom over which the nitrosyl oxygen lies.
Discussion and Conclusions
Density functional calculations of cobalt shielding in Co(III) complexes using DFT/GIAO methods with moderately-sized basis sets and hybrid density functionals have been found by several groups to
give good agreement with experimental shielding values. Agreement is good not only for simple octahedral complexes but also for larger systems such as porphinato complexes. We have found that such calculations also give good results for square-pyramidal nitrosyl complexes of cobalt.
Analysis A recent study on B12 model systems [40] shows that increase in axial Co-C bond distance due to 
